Purpose To evaluate the serial changes in retinal vasculature in infants treated with intravitreal bevacizumab (IVB) for aggressive posterior retinopathy of prematurity (APROP) in zone I. Methods Retrospective analysis of serial changes in retinal vasculature after IVB in the seven eyes of four babies with APROP in zone I. Results The initial regression, following IVB, was dramatic with reduction in vessel caliber and marked thinning and invisibility of the bridging shunts. Resurgent vascular development was very slow radially though there was continued abnormal vascular growth circumferentially. Common findings in all eyes were tangled vasculature and fine saw-toothed shunts. The variable findings were (1) new closely packed multilayered bridging shunts, long arching mature looking vessels, and finally a ridge at the periphery (n = 3 eyes) at 52 weeks of postmenstrual age (PMA); (2) status quo at the stage of saw-toothed shunt and ridge in both eyes for a long time (n = 2 eyes); and (3) multiple retinal hemorrhages within the vascularized retina and thick preretinal hemorrhage overlying the saw-toothed shunts and ridge that persisted for another 3 weeks and regressed 2 weeks after laser (n = 1). The eyes that received bevacizumab alone (3) did not show any abnormal vascularization at 56 weeks of PMA or beyond. Conclusions The retinal vascularization following IVB was different than normal in terms of its time, speed, and morphology; few of these changes are first to be reported in the literature (Medline search) and warrants further studies.
Introduction
With increase in premature birth in many parts of the world, retinopathy of prematurity (ROP) has become a leading cause of childhood blindness 1 where vascular endothelial growth factors (VEGFs) have a key role in the pathogenesis. 2, 3 Recent years have witnessed the emergence of a more virulent form of ROP, the aggressive posterior ROP (APROP); this is commonly seen in the tiniest babies and affects zone I and posterior zone II. 4 Early laser (current gold standard) 5 treatment as suggested in the Early Treatment for Retinopathy of Prematurity (ETROP) study 6 does not rule out poor outcomes in this variant of ROP. [7] [8] [9] Besides, laser therapy causes permanent damage to the peripheral retina, 10 with increasing risk of visual field loss 9 and high refractive error in many with zone 1 disease. 11 Hence, a quest continues to explore better and safer alternatives.
Bevacizumab is a recombinant humanized VEGF antibody that prevents VEGF from binding to its receptors. 12 It blocks VEGFinduced angiogenesis and is approved by the US Food and Drug administration for intravenous use for metastatic colorectal cancer. Off-label bevacizumab currently used in wet age-related macular degeneration and in macular edema secondary to vascular retinopathies is increasingly considered for ROP. Bevacizumab (Avastin; Genentech, San Francisco, CA, USA) causes dramatic but temporary reduction in the disease course and has been claimed to avoid many side effects associated with laser. 9 The initial enthusiasm of using bevacizumab monotherapy in zone 1 ROP has been tempered by the probability of its impact on normal ocular angiogenesis, late recurrences as well as its possible effects on many developing organs such as the brain, the kidneys and the lungs owing to the drug reaching the systemic circulation. 2, [13] [14] [15] In fact, some reports have questioned the use of this medication without clinical trials that mandates meticulous evaluation of multiple variables that normally precedes the introduction of drugs in clinical use. 16 Thus a careful intensive documentation of sequential vascular changes following intravitreal bevacizumab (IVB) is necessary for judicious use in management of ROP. We studied the pattern of vascular changes and temporal sequence of retinopathy following IVB in seven eyes of four babies with ROP in zone I. Additionally, there was an opportunity to document and compare the effect of IVB (one eye) and laser (fellow eye) in one baby.
Materials and methods
This retrospective observational study was approved by the institutional review board and adhered to the tenets of the declaration of Helsinki. During our routine screening for ROP as per the National Neonatology Forum, India recommendations 17 four babies (seven eyes) with APROP received IVB for compelling situations (Table 1) and were followed up carefully to intervene in case of worsening. All the examinations, photography, and treatments were carried out with written informed parental consent. IVB was injected at a concentration of 0.5 mg/0.02 ml (40% of the normal adult dose) using a 30-G needle 1 mm from the limbus after appropriate preparation of the injection site. 18 Follow-up examinations with indirect ophthalmoscopy were carried out on days 1 and 7 and at 1-2 weeks interval thereafter till complete regression of retinopathy clinically by a single pediatric retina specialist (TRP). The babies were further examined at 3-6 months interval after clinical regression and continued at least up to 1.5 years to look for disease recurrences, if any. The findings were drawn in the patient records and documented as per ICROP-revisited standards. The eyes were serially imaged with RetCam (Clarity Medical Systems Inc., CA, USA) to document the vascular changes (development/regression/reactivation). A trained photographer (KGP) montaged the images wherever possible. The pediatric retina specialist (TRP) drew the free-hand cartoons; he also analyzed the RetCam images and the fundus drawing retrospectively at a later date. Table 1 shows the gestational age, birth weight, postmenstrual age (PMA) at examination, significant perinatal events, and, finally, type and indication of treatment. While two babies were managed only with 
Results

Observations
Closely packed bridging vessels, multiple rows The second column contains all the prototype images and corresponding cartoon collected from any one of the seven eyes depicting each of the major vascular events mentioned in the third column. In the cartoons, optic disc is drawn as red circle, major retinal blood vessels are drawn in continuous blue lines, demarcation lines in dotted blue, shunts in red, and ridge in green lines. The subsequent columns show the eye-wise incidence of these major vascular events.
Cascade of changes in retinal vasculature after bevacizumab TR Padhi et al bevacizumab, the other two received additional laser treatment for compelling situations. One received laser 8 weeks after IVB because of follow-up compliance issue and the other 10 weeks after injection for sudden retinal and preretinal hemorrhages that increased with time. Table 2 shows the earliest retinal changes, serial changes in retinal vasculature following IVB, and final outcome in all four babies (seven eyes). The fundus images and the accompanying cartoons inserted within the table depict the major prototype retinal changes common to all the seven eyes. The exact timeline and sequence of changes after IVB in each eye are shown in Supplementary Figures S1-S8. We did not observe any significant systemic complications in any of these babies through last follow-up. Similarly, there were no recognizable vascular anomalies in the four eyes once they were lasered.
Descriptive findings
The common features noted in all the eyes were as follows. Following IVB, there was a rapid and marked quietening of the disease activity, including plus component (a false sign of complete disappearance of disease) within a week followed by a very slow phase of vascular development that continued up to 11 weeks. The radial growth of the retinal vasculature was remarkably slower than the circumferential growth that was rapid but abnormal. These included saw-toothed shunts (Table 2 , row a), tangled vasculature (a confused bundle of hair brush-like super numerous fine vessels at vascular-avascular junction; Table 2 , row b) and demarcation line in all the seven eyes ( Table 2 , rows a and b), persistence in this stage for a long period in five eyes, closely packed multiple rows of vessels arching between the ends of the major vessels in some quadrants ( Table 2 , row e), and finally mature single abnormal circumferential retinal vessels with radial branches (Table 2 , row f) at periphery in three eyes. There was formation of a ridge similar to classical ROP and non-dichotomous branching of retinal vessels toward the end of regression in five eyes ( Table 2 , row g). The sawtoothed shunts were fine and less arching than the shunts prior to injections. The abnormal circumferential vessels were the last to appear before regression. They appeared morphologically similar and were a continuation of the major vascular arcades. With increase in PMA, they appeared progressively wider, steeper, and peripheral. In one case (case #4), the retinopathy was stagnant at the stage of saw-toothed shunt and started forming a ridge in some other quadrant in both eyes. This baby behaved differently. The left eye developed retinal hemorrhages all over the vascularized retina and preretinal hemorrhages overlying the shunt and the ridge ( Table 2 , row d). The baby was not on systemic anticoagulant of any sort. The hematological investigations, including platelet count and prothrombin time, were normal except a low hemoglobin concentration of 6.1 g%. The fact that the hemorrhages were concentrated more at the site of shunt and ridge suggested the contribution of immature retinal vasculature to bleeding. After two units of blood transfusion within a week, the preretinal hemorrhages increased both in extent and severity and persisted till laser was carried out 3 weeks later. The right eye showed early retinal hemorrhages over the ridge and hence it was also lasered.
We observed that the duration of total regression of retinopathy differed with the type of treatment. It was 21-31 weeks with IVB monotherapy (3 eyes), 9-11 weeks in eyes rescued with laser after IVB (4 eyes), and 3 weeks with laser monotherapy (right eye of baby #2).
Discussion
The fact that there were many similarities in the pattern of retinal vascularization in these eyes indicated that the observed changes were not just a chance association or the result of some systemic factors. In fact, with all other collateral health problems remaining similar, the retinopathy in the lasered (right) eye of the baby #2 regressed in an expected pattern in 3 weeks compared with the bevacizumab-treated (left) eye where the vascular abnormality persisted even up to 52 weeks of PMA. Similarly, in babies #1 and #4, the initial vascular abnormality under bevacizumab did not persist, and other vascular abnormality did not appear after both the eyes were lasered. Of course, longer period (may be, years) of follow-up would be needed to look and compare the long-term changes in ocular biometry, refractive error, and visual field changes in both the groups. Contrary to the earlier reports [19] [20] [21] [22] [23] [24] that showed that IVB does not affect the normal retinal vascularization except a slowing down of the speed of normalization, we observed that bevacizumab significantly alters the natural course of APROP in zone I-the severity, the regression time sequence, and the pattern of retinal vascularization process. These changes in retinal vasculature were also different from the pattern of APROP regression either naturally or following laser. We compared the observed vascular events with reports on similar changes of any kind after IVB 15, [25] [26] [27] [28] [29] (Table 3) at different doses reported so far in the literature. The saw-toothed shunts observed in all the seven eyes in our series had a striking resemblance to the recent description of 'tungsten filament sign' by Yetik et al 29 and needs special mention. Although we agree with them that these could be pathognomonic sign of IVB injection in preterm babies, the fact that there were severe preretinal hemorrhage overlying it in one eye and progression to abnormal circumferential vessels in the other 3 eyes makes us to believe that they may not always be the marker of regression and should be followed up with care and caution. The initial apparent disappearance could just represent thinning and invisibility of those shunts under bevacizumab that reappear as abnormal circumferential vessel as the effect of the drug wanes off.
The vascular change pattern could be grouped into the following three phases (Figure 1 ): the phase of rapid quietening of disease (within a week); the phase of slow vascular development (up to 11 weeks in the absence of any intervention); and finally the phase of regression (up to 16 weeks) that sets in with a ridge similar to classical stage 2 of ROP.
The stage of rapid quietening occurs due to a rapid neutralization of the existing vitreous VEGF immediately following the anti-VEGF injection. The pathogenesis of the abnormal vascular events in the second phase is most intriguing. These changes happen at a stage when the intravitreal concentration of bevacizumab is declining and new VEGFs secreted by residual avascular retina and other natural antiangiogenic growth factors such as transforming growth factor-β (TGF-β) 30 are on the rise. Probably a mismatch between these pro-angiogenic and antiangiogenic factors with respect to both time and relative proportion accounts for these abnormal vascular changes. The abnormal circumferential vessels that grow towards the end of the second phase appeared apparently more mature, wider than their saw-toothed counterpart at the beginning and could represent a partial compensation for temporary cessation in radial progression. We believe some of the radial branches from the circumferential vessel could be a manifestation of the same. In the final phase of regression, a ridge-like classical ROP appears and could be due to elimination of already secreted VEGFs from vitreous, decline in the production of natural VEGFs, further accumulation of TGF-β with increase in PMA, and improvement in systemic status. Interestingly, the tangled vasculature and abnormal circumferential vessel in this phase had striking similarity to the vascular changes described by Kashani et al 30 Eye retinopathy (an ROP mimicker). One wonders at the reason for this common path. Bevacizumab does not have any effect on the secretion of new VEGFs; this is secreted unabated from the avascular tissues till the eye receives laser or the retina matures. Although the VEGF secretion depends primarily on the amount of avascular retina, other factors such as PMA and the 'sickness' of baby at that time, including respiratory distress, sepsis, poor weight gain, and so on, also contribute variably. These factors in turn decide the retinopathy pattern (regression, progression, or recurrence) and severity while escaping from the influence of reducing bevacizumab levels in the eye.
in familial exudative
Small sample size (too small to detect statistically significant difference in systemic side effects), absence of angiographic demonstration of vascular anomalies, poor image quality to document the fine vascular changes at the periphery, and difficulty in imaging the extreme retinal periphery of babies once they grew up were few limitations of the study. We relied on indirect ophthalmoscopy primarily, supplemented with RetCam images. Despite the fact that we could not obtain good peripheral retinal images with RetCam in babies beyond 52 weeks, we did not want to hazard babies with repeated general anesthesia in our existing set-up for imaging alone.
The strength of this study is the frequent follow-up and documentation of retinal vascular changes as close as every week rather than over a fortnight or a month till complete clinical resolution (Supplementary Figures  S1-S8) . As a result, we had a unique opportunity to study and document the vascular changes every week rather than over a fortnight or a month. We observed many changes that add to our understanding of some of the vascular events that occur following bevacizumab and possibly other anti-VEGF agents. The three eyes treated with bevacizumab monotherapy finally approached same morphological end points without any clinically evident structural changes (such as laser scars) at 56-62 weeks of PMA. This has to be weighed against the frequent, long, and skilled follow-up, possible noncompliance, difficulty of scleral indentation without anesthesia in a grown up baby, absence of guidelines on definite end point of screening in bevacizumab monotherapy, and the subclinical functional and angiographic changes that might be happening. The ophthalmologist's role becomes crucial in not only ensuring close follow-up of babies treated with bevacizumab monotherapy for a very long period but also add laser if compliance to follow-up becomes an issue in the event of persistent avascular retina even in the absence of re-activation.
Although observations by others will be welcome additions, we feel that the ocular changes observed here could also provide insights into possible vascular changes happening in other immature or incompletely vascularized tissues such as the choroid or other organs of the body such as lungs and kidneys, under the influence of the systemically released bevacizumab. Effect of IVB on choroid and choroidal circulation is an emerging concept. In fact, earlier reports 32-34 on choroidal thinning and rupture after IVB could indicate the same. Enhanced depth choroidal imaging with spectral domain optical coherence tomography and neonatal indocyanin green Eye angiography could explore abnormalities in choroidal vasculature under IVB. Serum VEGF level is reportedly suppressed for 2 months after IVB (0.625 mg) in patients with type 1 ROP (as defined by the early treatment for ROP guidelines). 35 In the fetus, VEGF is expressed in most tissues and has a vital role in organogenesis and neurodevelopment. 36 This raises the concern that important normal physiological effects associated with VEGFs might get inhibited leading to abnormal organogenesis. Very preterm infants at risk for severe ROP have subnormal functioning of many organ systems for the rest of their lives. Anti-VEGF treatment may have the capacity to reduce their reserves even further. 35 Unfortunately, we do not have access to see the growing vasculature of the various developing organs as clearly and directly as retinal blood vessels in an infant. The retinal vasculature has many similarities with the CNS and renal blood vessels. So the possibility of vascular abnormalities in these organs similar to that observed in the present series cannot be ruled out. These effects might not be clinically obvious until decades after treatment. Reports show that bevacizumab even at a dose of 0.25 and 0.375 mg show their efficacy in ROP. 37, 38 It would be useful to explore the efficacy vis-à-vis vascular safety of IVB with ultralow doses than the current practice by intensive meticulous observation and follow-up. We hope future research will clear the path for a newer and better anti-VEGF agent or will explore an ultralow dose IVB therapy that would show high efficacy without any adverse effect on the normal retinal vascularization.
Summary
What was known before K Aggressive retinopathy of prematurity (APROP) in zone I continues to posses management challenges. Bevacizumab is increasingly considered for APROP in zone I. Safety concerns of intravitreal bevacizumab (IVB) on retinal vasculature in prematurely born infants continues.
What this study adds K Bevacizumab alters the pace and pattern of the developing retinal vasculature.
